We examined the cytoskeletal dynamics that characterize neurite sprouting after axonal injury to cortical neurons maintained in culture for several weeks and compared these with initial neurite development. Cultured neocortical neurons, derived from embryonic day 18 rats, were examined at 3 d in vitro (DIV) and at various time points after axotomy at 21 DIV. The postinjury neuritic response was highly dynamic, progressing through an initial phase of retraction, followed by substantial axonal sprouting within 4 -6 hr. Postinjury sprouts were motile and slender with expanded growth cone-like end structures. Microtubule markers were localized to sprout shafts and the proximal regions of putative growth cones and filamentous actin was distributed throughout growth cones, whereas neurofilament proteins were restricted to sprout shafts. A similar distribution of cytoskeletal proteins was present in developing neurites at 3 DIV. Exposure of developing and mature, injured cultures to the microtubule stabilizing agent taxol (10 g/ml) caused growth inhibition, process distension, the transformation of growth cones into bulbous structures, and abnormal neurite directionality. Microtubule and neurofilament segregation occurred after taxol exposure in developing neurites and postinjury sprouts. Exposure to the microtubule destabilizing agent nocodazole (100 g/ml) resulted in substantial morphological alteration of developing neurons and inhibited neurite growth and postinjury axonal sprouting. Our results indicate that the axons of cortical neurons have an intrinsic ability to sprout after transection, and similar cytoskeletal dynamics underlie neurite development and postinjury axonal sprouting.
Introduction
The axonal cytoskeleton, particularly microfilaments and microtubules, is necessary for axonal outgrowth, elongation, branching, and pathfinding (for review, see Tanaka and Sabry, 1995; Brandt, 1998; Gallo and Letourneau, 2000; Korey and Van Vactor, 2000; Suter and Forscher, 2000) . The complex interactions between the polymerization states of these cytoskeletal structures provides the dynamic driving force underlying axon elongation and growth cone motility (Kalil et al., 2000) . In contrast, neurofilaments, the third main polymer constituent of the axonal cytoskeleton, may act in axonal radial growth and provide maturing neurons with structural support (Hoffman et al., 1984 (Hoffman et al., , 1985 (Hoffman et al., , 1987 Julien and Grosveld, 1991; Nixon and Sihag, 1991; Lee and Cleveland, 1996) but are not necessary for outgrowth. This is highlighted by the ability of developing axons lacking neurofilaments to grow, albeit more slowly (Walker et al., 2001) , and neurofilament deficient animals to develop relatively normally (Zhu et al., 1997; Levavasseur et al., 1999) .
The axonal cytoskeleton also plays an important role in the neuronal response to trauma . Nonpenetrative head trauma frequently causes cytoskeletal disruption leading to delayed axotomy (Povlishock and Christman, 1995; Povlishock and Jenkins, 1995; . Several studies have demonstrated a reduction in the levels of microtubules and accumulations of neurofilaments in areas of axonal disruption (Jafari et al., 1997 (Jafari et al., , 1998 Dickson et al., 2000; King et al., 2001) .
Traditionally, there has been significant pessimism regarding the potential for regeneration in the mature CNS, attributed primarily to the inhibitory nature of CNS parenchyma (Berry et al., 1994; Fawcett, 1997; Bandtlow and Schwab, 2000; Goldberg and Barres, 2000; Qiu et al., 2000) . However, several reports suggest that central neurons respond to injury with a complex sequence of morphological, biochemical, and gene expression alterations, directed toward sprouting, regeneration, and synaptogenesis (Christman et al., 1997; Deller and Frotscher, 1997; Pastor et al., 2000; Vickers et al., 2000; King et al., 2001) . Attempted regeneration of mature neurons is associated with substantial cytoskeletal reorganization (Christman et al., 1997; Dickson et al., 2000; King et al., 2001) , resulting in the elaboration of fine protrusions (sprouts) into and across lesion sites (McHale et al., 1995; Christman et al., 1997; Deller and Frotscher, 1997; McKinney et al., 1997; King et al., 2001 ). However, aberrant axonal sprouting has been implicated in the development of posttraumatic epilepsy after human brain trauma (Larner, 1995; McKinney et al., 1997) and the pathogenesis of Alzheimer's disease (Masliah et al., 1991 (Masliah et al., , 1992 Vickers et al., 2000; Arendt, 2001 ).
We used a novel in vitro model of CNS trauma, involving transection of axonal bundles , to characterize the morphological and cytoskeletal alterations underlying the postinjury sprouting response of neurons cultured for several weeks to relative maturity. We compared the sprouting response with the cytoskeletal dynamics underlying initial neurite development of cultured cortical neurons. Finally, we investigated the consequences of microtubule stabilization and destabilization, using taxol and nocodazole, respectively, on initial neurite growth and postinjury axonal sprouting.
Materials and Methods
Cell culture. Primary dissociated cortical neuron cultures were prepared from rat embryos at 18 d of gestation using standard techniques (Banker and Goslin, 1998) and grown in Neurobasal media to selectively promote the growth of neuronal cells (Brewer et al., 1993; Brewer, 1995 Brewer, , 1997 . Pregnant Hooded Wistar rats were killed by carbon dioxide exposure. Embryos were rapidly removed using sterile techniques and placed on ice, and, after removal of the skull and meninges, the neocortical hemispheres were dissected out and placed in 10 mM HEPES buffer (in 0.01 M PBS), prewarmed to 37°C. Cortical tissue was dissociated by enzymatic digestion (0.025% trypsin) and gentle agitation at 37°C for 20 min. Enzymatic digestion was halted by rinsing the tissue in fresh 10 mM HEPES buffer, and dissociation was completed by gentle trituration using a 1 ml pipette. Before plating, cell viability was assessed using trypan blue vital dye exclusion. Cells were plated, at a density of 4.5 ϫ 10 5 cells per coverslip, onto circular 19-mm-diameter glass coverslips (Marienfeld, LaudaKöigshofen, Germany), immersed in an initial plating media, consisting of Neurobasal media, 10% fetal bovine serum, 2% B-27 supplement (all from Invitrogen, Grand Island, NY), 0.5 mM L-glutamine, 25 M glutamate, and 1 ml/l gentamicin. Coverslips had been previously nitric acid etched and preincubated in 1 mg/ml L-lysine (Sigma, St. Louis, MO) in borate buffer, pH 7.4, overnight, before being placed into individual wells of 12-well microplates (Iwaki, Tokyo, Japan), each containing 2 ml of initial plating media.
Cultures were maintained in a 37°C humidified atmosphere of 5% CO 2 for up to 22 d. After 1 d in vitro (DIV), the initial plating media was removed and replaced with a "subsequent," serum-free growth media containing Neurobasal media, 2% B-27 supplement, 0.5 mM L-glutamine, and 3 ml/l gentamicin. One-half of the volume of culture media was replenished every 3-4 d with fresh subsequent growth media.
Axonal injury. Axonal injury was performed as described by . At 20 DIV, coverslips were transferred to individual 35 mm sterile plastic Petri dishes (Iwaki) and allowed to reacclimatize to the incubator conditions. At 21 DIV, individual axonal bundles, interconnecting discrete neuronal aggregates, were transected under microscope guidance using a 12 cm Barkan goniotomy curved-blade diamond knife. Thick axonal bundles, adherent to the underlying substrate, were selected for transection. The knife blade was carefully pressed on the appropriate axonal bundles to completely transect the axons and form a cell-free lesion between two previously interconnected neuronal aggregates. Cuts were made equidistant between neuronal aggregates to produce lesions ϳ50 -150 m wide. Several (10 -15) injuries were made per coverslip.
Cultures were removed from the incubator for no longer than 5 min (because longer durations compromised neuronal integrity). Cultures were reincubated for 4, 14, or 24 hr after injury.
Taxol and nocodazole administration. Taxol powder (Amersham Biosciences, San Francisco, CA) was reconstituted in sterile 0.01 M PBS to achieve a concentration of 1 mg/ml and added to the subsequent media of cultures at a concentration of 10 g/ml. Nocodozole (Sigma) was reconstituted in sterile 12% DMSO-0.01 M PBS and added to cultures at a final concentration of 100 g/ml. Vehicle-treated cultures (10 l/ml PBS for taxol studies or 100 l/ml 12% DMSO-PBS for nocodozole studies) were processed concurrently to serve as controls. To determine the effect of microtubule stabilization (using taxol) on neurite development, cultures were incubated in taxol for 48 hr, between 3 and 5 DIV. To determine the effect of taxol on postinjury axonal sprouting, taxol was administered to the subsequent media of cultures immediately after localized axotomy at 21 DIV. Cultures were reincubated for 4, 14, or 24 hr after injury. Studies into whether the effects of taxol could be reversed were performed using 1 g/ml taxol (because higher concentrations caused substantial cell death with prolonged exposure). To investigate the permanency of taxol-induced microtubule stabilization, taxol was washed out of developing cultures at 5 DIV, and cultures were maintained as normal for up to 21 DIV and compared with vehicle-treated cultures, as well as cultures that were constantly exposed to taxol. For postinjury studies, taxol was washed out of mature, injured cultures 4 hr after injury, and cultures were allowed to recover for an additional 20 hr before fixation. To assay the effect of microtubule destabilization on developing and mature, injured cultures, cultures were exposed to nocodazole for 48 hr between 3 and 5 DIV or for 4 hr immediately after axonal transection injury at 21 DIV.
Immunohistochemistry. Cultured neurons were fixed in 4% paraformaldehyde at 37°C for 30 min. Indirect double-immunofluorescent labeling was used to visualize the distribution of specific cytoskeletal components in developing neurites, as well as injured and non-injured mature axons. Briefly, cultured monolayers were incubated in combinations of mouse and rabbit primary antibodies (18 -20 hr) (Table 1) , followed by incubation in secondary antibodies (1 hr). Mouse and rabbit primary antibodies were visualized with goat anti-mouse AlexaFluor 488 and goat anti-rabbit AlexaFluor 594 secondary antibodies (dilution 1:1000; Molecular Probes, Eugene, OR), respectively. To label for filamentous actin (F-actin), cultures were incubated with AlexaFluor 488 phalloidin (dilution 1:200; Molecular Probes), for 30 min after immunohistochemistry. After washing, coverslips were air dried and mounted onto glass slides using Permafluor mounting media (Immunotech, Marseille, France). All antibodies were diluted in diluent (0.3% Triton X-100 in 0.01 M PBS). Controls, omitting the primary antibodies, were processed concurrently and lacked immunoreactivity for the cellular components under investigation.
Assay of cell proliferation. To determine the approximate birth dates of cortical neurons in vitro, cultures were incubated with 10 M of the thymadine analog 5-bromo-2Ј-deoxyuridine (BrdU) (Sigma) for 72 hr at either 7 or 17 DIV. Addition of BrdU (1 or 5 M) to cultures was also attempted at earlier time points (1-3 DIV) but resulted in substantial cell death by 21 DIV. Cultures underwent a complete media change to remove any unincorporated BrdU and were grown to 21 DIV. After fixation (4% paraformaldehyde), DNA denaturation was performed by incubating cultures in 2 M HCl for 1 hr at 37°C. Dividing cells were visualized by immunolabeling with an antibody against BrdU (Table 1) .
To confirm the absence of neuronal proliferation in cortical cultures, some cultures were also immunolabeled with an antibody against postmitotic neuronal nuclei (Table 1) . Electron microscopy. For scanning electron microscopy studies, cultures growing on circular glass coverslips were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 20 min at room temperature, postfixed with 0.1% osmium tetraoxide in phosphate buffer, at room temperature for 15 min, and dehydrated through a graded ethanol series. Specimens were critical-point dried with CO 2 , mounted onto copper stubs and sputter coated with gold for observation with a Jeol (Peabody, MA) JSM-840 scanning electron microscope. For transmission electron microscopy studies, cortical cultures were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, at 37°C for 10 min. Cultures were postfixed in 1.5% osmium tetroxide in 0.1 M phosphate buffer at room temperature for 30 min, followed by 2% uranyl acetate in 70% ethanol for 5 min. Cultures were then dehydrated through a graded ethanol series and embedded in 100% Epon. Specimens were sectioned at 70 nm, stained with 5% uranyl acetate (10 min) and Reynolds lead citrate (10 min), and examined on a Philips EM-410 transmission electron microscope.
Microscopy and digital imaging. Time-lapse digital imaging was used to investigate the effect of taxol on growth cone motility and morphology, as well as the dynamic response of neurons to localized axotomy. At 1 d before imaging, cultured monolayers, growing on glass coverslips, were transferred to individual 35 mm glass Petri dishes. The Neurobasal media, in which the neurons were growing, was gradually replaced with "imaging buffer" (in mM: 124 NaCl, 5 KCl, 0.2 CaCl 2 , 1 MgCl 2 , 30 dextrose, and 25 HEPES, pH 7.3) (Zhang and Benson, 2001 ) over a time course of 1 hr before imaging, to promote neuronal survival when imaging over several hours. Using differential interference contrast (Nomarski) microscopy, a time series of images were captured from a Leica (Nussloch, Germany) DM IRB inverted microscope, equipped with a heating stage. Digital images of immunofluorescence-labeled specimens and live cell images were captured with a Magnifire digital camera (Optronics, Chelmsford, MA), attached to a G4 Macintosh computer (Apple Computers, Cupertino, CA).
Quantitative analysis. The effect of taxol on neurite development was analyzed by determining the proportion of neurites tipped by a growth cone. A growth cone was defined as a fan-shaped structure at the tip of a neurite, with a width three times greater than its neurite of origin. The effect of taxol treatment on neurite length was also determined. Digital images of immunofluorescence-labeled specimens were captured before treatment and after vehicle or taxol treatment, and the lengths of 100 neurites from each category were measured.
The effect of taxol on postinjury axonal sprouting was determined in terms of sprout number and sprout length, 4 hr after injury. Cultures injured by axonal transection were incubated in taxol or vehicle for 4 hr immediately after injury, followed by paraformaldehyde fixation and immunofluorescence labeling. Digital images of several individual injury sites were captured. To quantitate the effect of taxol on sprout elongation, the length of 100 postinjury axonal sprouts were measured from vehicle-and taxol-treated fellow cultures. Additionally, to determine the effect of taxol on sprout elaboration, the number of postinjury axonal sprouts was calculated from 15 individual cuts from vehicle-and taxoltreated fellow cultures. This value was expressed as the number of sprouts per 100 m of cut site length.
For quantitation, taxol-related experiments were repeated five times (i.e., on cultures derived from five individual litters), and studies were performed by an investigator blind to the treatment of the cultures under investigation. NIH Image (version 1.61) software was used to capture digital images and perform measurements. Statistical analysis was performed using StatView (version 5.0) software (SAS Institute, Cary, NC). As appropriate, paired t tests or ANOVA was performed on quantitative data. Post hoc comparisons (Fisher's test) were performed after ANOVA.
Results

In vitro cortical neuron development
In the days after plating, dissociated cortical neurons formed aggregates, adhered to the coverslip substrate, and elaborated slender neurites. Analysis of the morphological and cytoskeletal characteristics of developing cortical neurons was performed at 3 DIV. Figure 1 illustrates the localization of specific cytoskeletal components in developing neurites at 3 DIV. The distribution of microtubules within developing neurons was visualized using an antibody with specificity for the neuron-specific ␤III-tubulin subunit of microtubules (Lee et al., 1990) and an antibody against the microtubule-associated protein tau. Both ␤III-tubulin and tau were localized throughout entire neurons, extending into the tapered extremities of dendrites and splayed extremities of axons, as well as the growth cone remnants (Szebenyi et al., 1998; Kalil et al., 2000) , spikes, and small branches located along the lengths of some neurites. Colocalization analysis demonstrated extensive A shows a typical neuronal aggregate (arrow), from which several neurites were elaborated (arrowheads). B and C illustrate neurites double labeled for ␤III-tubulin and tau, respectively. Both proteins were distributed throughout neurite shafts and growth cones. D and E illustrate the same cell double labeled for phosphorylated neurofilaments and tau, respectively. The former were restricted to neurite shafts (arrow in D) and were not localized in growth cones (arrows in E).
Figures F and G demonstrate neurites double labeled for ␤III-tubulin and F-actin, respectively. F-actin was most abundant in growth cones (arrows in F and G), with punctate distribution along some axons. labeling of neurites and growth cones for ␤III-tubulin (Fig. 1 B) and tau (Fig. 1C) . Both microtubule markers were more abundant in neurite shafts and the central growth cone domain than in the proximal domain of growth cones. Double labeling for phosphorylated neurofilaments and tau verified the localization of tau throughout developing neurites and growth cones (Fig. 1 E) . Phosphorylated neurofilaments were, however, only localized in a subset of neurites, and labeling was absent in growth cones (Fig. 1 D) . ␤III-Tubulin was uniformly distributed throughout neurites (Fig. 1 F) , whereas F-actin, as visualized with AlexaFluor 488 phalloidin, was more confined to growth cones, with punctate labeling in neurite shafts (Fig. 1G) .
Microtubule stabilization and destabilization during development
To determine the effect of microtubule stabilization on neuronal development, developing cultures were exposed to taxol (10 g/ml) and examined for morphological and cytoskeletal alterations. Taxol was administered to cultures immediately before imaging, and a series of digital images were captured at 1 min intervals using differential interference contrast microscopy. Initially, characteristically splayed growth cones existed at the tips of neurites; however, in the presence of taxol, the neurites rapidly formed bulbous end structures, many of which lacked the filopodial protrusions characteristic of growth cones (Fig. 2 A) .
Developing cultures, incubated in taxol between 3 and 5 DIV, demonstrated substantially altered morphology compared with vehicle-treated controls. Vehicle-treated neuronal aggregates elaborated numerous slender neurites, which extended radially and often in defined bundles. These neurite bundles splayed out distally into individual neurites, many of which were tipped by a growth cone (Fig. 2 B, I ). In contrast, the neurites of taxol-treated neurons remained localized around their neuronal aggregates, often curling and looping back toward the aggregates from which they originated (Fig. 2C) . Compared with vehicle-treated neurites (Fig. 2 D) , taxol-treated neurites were thickened and often swollen into bulbous structures at their distal tips (Fig. 2 E-H, J, K ) . Furthermore, some neurites retained aberrant growth cones with filopodial-like protrusions distally, whereas others completely lacked protuberances at their distal tips. Neuron-specific ␤III-tubulin was localized to club-and loop-like structures in the distal tips of taxol-treated neurites (Fig. 2 E) , whereas phosphorylated neurofilaments (Fig. 2 F) and tau (Fig. 2G) were evenly distributed throughout the distended neurites. Additionally, accumulations of phosphorylated neurofilaments into ring-or balllike structures were present in some neurite tips after taxol treatment (Fig. 2 F) . F-actin was most abundant in neurite tips. Figure  2 H illustrates an example of a phalloidin-labeled neuron in which tight ball-like structures of F-actin have formed within neurite tips and filopodia have been completely eliminated. F-actin, ␤III-tubulin, and tau were distributed throughout the filopodial-like structures emanating from the swollen tips of some taxol-treated neurites; presumably these structures correspond to growth cones, in which normal morphology has been retarded by microtubule stabilization. Taxol washout demonstrated that the effects of taxol were long lasting, with stunted neuronal morphology persistent at 21 DIV. However, the effects Figure 2 . Effect of taxol exposure (10 g/ml) on neurite morphology and cytoarchitecture. A shows a selection of images from a time-lapse series. Times shown on each image indicate minutes after taxol administration. In the presence of taxol, the originally splayed tips of neurites take on a bulbous morphology (arrows). Immunofluorescence labeling for ␤III-tubulin demonstrated that neurites elaborated from vehicle-treated cultures (3-5 DIV) were slender and extended radially, often in defined bundles (arrows in B), whereas neurites from taxol-treated cultures (3-5 DIV) were distended, particularly in their distal domains (arrow in C) and often demonstrated a curled morphology (arrowheads in C). D, ␤III-Tubulin labeling of vehicle-treated cultures demonstrating examples of growth cones (exhibiting defined filopodia) located at the distal tips of developing axons (arrows). In the distal tips of taxol-treated developing neurites, ␤III-tubulin was localized to club-like (arrows) and loop-like (arrowhead) structures ( E). Phosphorylated neurofilaments accumulated into club-like (long arrow), ball-like (short arrow), or loop-like (arrowhead) structures ( F). Tau was localized throughout distended neurites and in the filopodial-like protrusions emanating from their distal tips (arrow in G), whereas F-actin was most abundant in neurite tips, forming bulb-like accumulations ( H ). Scanning EM images of growth cones from vehicle-treated ( I ) and taxol-treated (J, K ) neurons (3-5 DIV). Vehicle-treated growth cones had an elaborate three-dimensional structure ( H ), whereas taxol-treated growth cones were bulbous, with few remaining filopodia (I, J ). Doublelabeling analysis demonstrated that some neurites regained growth cones after taxol washout (M, F-actin labeling) and underwent more neurite growth than cultures continually exposed to taxol; however, neurites often remained distended (L, ␤III-tubulin). of taxol were partially reversible because increased neurite growth was observed in cultures from which taxol was washed out compared with cultures grown in the presence of taxol (cell death was high in the latter cultures). Moreover, some of the neurites from which taxol was removed regained their growth cones.
Quantitative analysis demonstrated that taxol significantly ( p Ͻ 0.05) reduced the proportion of neurites tipped by a growth cone from 53.2 Ϯ 7.8% (mean Ϯ SE throughout) in vehicletreated controls to 18.2 Ϯ 3.7% after taxol treatment (Fig. 3A) . Additionally, taxol inhibited neurite elongation between 3 and 5 DIV (Fig. 3B) . At 3 DIV, mean neurite length for untreated cultures was 64.0 Ϯ 3.9 m. By 5 DIV, vehicle-treated neurites had elongated significantly ( p Ͻ 0.05) to 90.9 Ϯ 2.1 m; however, taxoltreated neurites did not extend significantly ( p Ͼ 0.05) from pretreatment and were significantly shorter ( p Ͻ 0.05) than vehicletreated controls, with a mean neurite length of 59.8 Ϯ 1.4 m.
Preliminary investigations were performed to determine the effect of microtubule destabilization on neurite development using nocodazole. Nocodazole exposure for 48 hr between 3 and 5 DIV resulted in profound morphological alteration compared with control cultures (Fig. 4 A) . Neurite growth was clearly stunted, neuronal cell bodies and neurites were often bordered by sections of lamellipodial-like membrane, which were not observed in vehicle-treated cultures by this stage of development (Fig. 4 B) , whereas many growth cones lacked obvious lamellipodia (Fig. 4C) .
Response of mature cortical neurons to localized axonal transection
Relatively mature (21 DIV) cultures were characterized by large, multicellular aggregates, from which elaborate networks and Effect of nocodazole (100 g/ml) on neuronal morphology in developing cortical cultures. Vehicle-treated neurons (3-5 DIV, 1.2%DMSO-PBS) had defined cell bodies, axons were slender and tipped by growth cones, and future axonal branch points were indicated by growth cone "remnants" ( A). Nocodozole-treated cultures had vastly altered morphology: neurites were stunted and often existed as thick protrusions of the cell, cell bodies were often bordered by a lamellipodial-like fringe ( B), and large axonal growth cones often lacked lamellipodia ( C). Scale bars, A, 20 m; B, C, 10 m.
bundles of neuronal processes extended, forming interconnections with other aggregates. Even by this stage of development, some growth cones (with similar morphology and cytoskeletal constitution to developmental growth cones) were present in more sparsely populated regions of the cultured monolayers. The nuclei of neurons cultured for 21 d lacked immunoreactivity for BrdU (applied at either 7 or 17 DIV) (Fig. 5A-D) but were immunoreactive for a marker of NeuN (neuronal-specific postmitotic nuclear protein) (Fig. 5 E, F ) . Additionally aggregated neurons were immunoreactive for other markers of mature neurons, such as MAP2 (microtubule-associated protein 2) and neurofilament triplet proteins. Electron microscopy combined with immunohistochemistry (for synaptophysin immunoreactivity) confirmed the presence of substantial synaptic contacts throughout the cultures (Fig. 5G-I ) ; however, axons in axonal bundles were not myelinated (Fig. 5J ) . Collectively, these results demonstrate that cortical neurons cultured for 21 d were postmitotic, were at least 14 d old, and were relatively mature.
Cultured cortical neurons were injured by local neurite transection at 21 DIV. Time-lapse digital imaging demonstrated that neurons respond to transection with a specific, highly dynamic sequence of changes. Immediately after injury, neuronal processes began to retract away from the site of injury (Fig. 6 A) . This retraction response persisted for up to 4 -6 hr after injury. Within 2-6 hr after injury, an extensive axonal sprouting response was initiated (Fig. 6 B) .
Immunofluorescent labeling was used to determine the distribution of cytoskeletal components in postinjury neurite sprouts at 4, 14, and 24 hr after injury. Postinjury analysis demonstrated that the alterations occurring in response to axonal transection were consistent across all cultures at each time point investigated. Double-labeling studies demonstrated that MAP2 labeled processes (dendrites) only extended short distances from the neuronal aggregates and were rarely transected during neuronal injury. ␤III-Tubulin (Fig. 6C) and tau (Fig. 6 D) were consistently distributed throughout postinjury axonal sprouts at all time points investigated. At 4 hr after injury, numerous axonal sprouts had extended into the injury sites. By 14 hr after injury, sprouts had continued to elongate and were extending toward the opposite side of the injury sited from their origin. At 24 hr after injury, sprouting was extensive, and many sprouts had crossed the injury site. Phosphorylated neurofilaments became distributed in postinjury axonal sprouts at 14 and 24 hr after injury, as opposed to either ␤III-tubulin or tau, which were distributed throughout sprouts at all postinjury time points examined (Fig. 6 E) .
Postinjury axonal sprouts were generally characterized by slender sprout shafts tipped by expanded growth cone-like end structures, although some sprouts tapered distally. Both ␤III-tubulin and tau were uniformly distributed throughout sprout shafts and their splayed end structures (Fig. 6 B, H, respectively) . F-actin was abundant in sprout growth cones (Fig. 6G) ; however, phosphorylated neurofilaments were restricted to the sprout shafts (Fig. 6 I) . A prominent feature marking the injury site border was the accumulation of phosphorylated neurofilaments into ring-and bulb-like structures as we described previously in in vivo and in vitro models of neuronal injury (King et al., 1997 (King et al., , 2001 Dickson et al., 2000) . Ring-and bulb-like structures lacked immunoreactivity for ␤III-tubulin and tau and were apparent at all time points examined, existing either in isolation or as a continuum of the severed axonal tips.
Microtubule stabilization and destabilization after axonal transection
The effect of microtubule stabilization on postinjury axonal sprouting was investigated by exposing cultures, grown for 21 Figure 5 . Confirmation of cortical neuron maturity. BrdU was administered to cultures at 7 (A, B) or 17 (C, D) DIV, for cell proliferation assays, and cultures were grown to 21 DIV. Neuronspecific enolase (NSE) immunopositive neurons (arrows in A and C) lacked BrdUimmunoreactive nuclei (B, D) in double-labeling studies, indicating that they were not proliferating. Double labeling for tau ( E) and postmitotic neuronal nuclei ( F) at 21 DIV demonstrated that aggregated neurons were not dividing. NSE-labeled neuron ( G) in apposition with a profile of synaptophysin-immunoreactive puncta (arrows depict examples in H ), demonstrating that neurons had abundant synaptic connections. The presence of synapses was confirmed with electron microscopy ( I ). J, Electron microscopy demonstrating that axons within axonal bundles were not myelinated (arrows depict examples). Scale bars: A-H, 30 m; I, 2 m; J, 1 m. DIV, to taxol (10 g/ml culture media) immediately after axonal transection. Taxol exposure had a substantial effect on postinjury axonal sprouting. In vehicle-treated control cultures, the degree of sprouting increased as time progressed, resulting in extensive sprout growth across the injury sites by 24 hr after injury (Fig.  7 A, B) . However, postinjury axonal sprouting was comparably limited in taxol-treated cultures (Fig. 7 D, E) . In addition, taxol exposure resulted in substantial alteration in sprout morphology. Injured, vehicle-treated cultures elaborated sprouts that were generally tipped by expanded growth cone-like structures (Fig.  7C) . Conversely, injured taxol-treated cultures elaborated sprouts tipped by bulbous end structures (Fig. 7F ) . Taxol washout at least partially reversed the effects of microtubule stabilization on sprout growth inhibition, with increased sprouting observed in cultures in which taxol had been removed compared with those continually exposed to taxol after injury at 21 DIV. Additionally, some sprouts regained growth cone-like structures at their tips after taxol washout (Fig. 7G) .
Quantitative analysis demonstrated that taxol substantially influenced sprout outgrowth and elongation. Sprout outgrowth was significantly ( p Ͻ 0.05) inhibited by taxol, with vehicle-treated cultures elaborating an average of 14.7 Ϯ 1.6 sprouts per 100 m of cut site length compared with taxol-treated cultures, which had elaborated on average only 6.6 Ϯ 1.5 sprouts per 100 m of cut site length, 4 hr after injury (Fig. 8 A) . Similarly, statistical analysis indicated a significant ( p Ͻ 0.05) difference between mean sprout length in injured, taxol-treated (21.6 Ϯ 0.8 m) and vehicle-treated (42.6 Ϯ 0.5 m) cultures at 4 hr after injury, demonstrating that taxol profoundly inhibited sprout elongation (Fig. 8 B) . Cell death analysis, using the vital dye propridium iodide, demonstrated the localization of dead and dying cells along injury site boarders. Taxol exposure did not affect the level of cell death up to 24 hr after axotomy. However increased cell death was observed when cultures were exposed to taxol for Ͼ72 hr.
Exposure to the microtubule destabilizing agent nocodazole (100 g/ml) substantially inhibited postinjury axonal sprouting, with little evidence of sprouting observed by 4 hr after injury (Fig. 9) .
Discussion
Using live digital imaging and immunofluorescence-labeling techniques, we compared initial neurite development with the sprouting response exhibited by relatively mature neurons after localized axonal transection in vitro. After injury, a substantial regenerative attempt was indicated by the elaboration of sprout-like protuberances into injury sites. The overall morphology, motility, and cytoskeletal composition of axonal sprouts were highly homologous with developing neurites. Exposure to the microtubule stabilizing agent taxol and microtubule destabilizing agent nocodazole inhibited neurite development and postinjury axonal sprouting, demonstrating that similar microtubule dynamics may underlie both processes.
In vitro neuronal development
Both ␤III-tubulin and tau were distributed throughout neurite shafts and the central domain of growth cones, with less abundant labeling exhibited in peripheral growth cone regions. F-actin was punctately distributed along some neurites and abundant in developmental growth cones. Conversely, phosphorylated neurofilaments were only localized in a subset of developing neurites (presumably those destined to become axons), and immunoreactivity was absent in growth cones. The distribu- tions of these cytoskeletal components may reflect their relative importance in axonal growth. For instance, microtubules have been demonstrated to be essential in axonal outgrowth (Okabe and Hirokawa, 1990; Walker et al., 2001) , whereas axonal growth can proceed in the absence of neurofilaments (Jiang et al., 1996; Zhu et al., 1997; Levavasseur et al., 1999) , albeit at a slower rate (Walker et al., 2001 ).
Microtubule stabilization and destabilization inhibits neurite growth
Early-stage cultures (3 DIV) were exposed to taxol to investigate the effects of microtubule stabilization on neurite development. Taxol, widely used in the treatment of various cancers, promotes the polymerization of tubulin monomers and the formation of stable, nonfunctional microtubules (Gotaskie and Andreassi, 1994) . The microtubule network is a particularly motile component of the axonal cytoskeleton within developing neurites (for review, see Brandt, 1998; Kalil et al., 2000) . Exposure of cortical neurons to taxol in the current study resulted in neurite distension, cessation of neurite elongation, and a significant reduction in growth cone formation. Similar effects of taxol have been observed in cultured chick sensory neurons (Letourneau and Ressler, 1984; George et al., 1988) . We also demonstrated that, after taxol treatment, loops of tubulin immunoreactivity were localized within the deformed end structures that replaced developmental growth cones at neurite tips, with ring-and bulb-like accumulations of phosphorylated neurofilaments often observed within the central core of the microtubule loops. The segregation of microtubules and neurofilaments is unusual because these cytoskeletal components are normally intermixed (Letourneau and Ressler, 1984) . The dilated bulbous structures that formed at neurite tips after taxol exposure frequently lacked filopodia and lamellipodia and thus probably lacked the ability to effectively transduce guidance cues, which is a factor likely to account for the curling and looping of neurites around their aggregates of origin.
Abnormalities occurring after taxol exposure are likely to reflect the bundling and proliferation of microtubules within neurites, as well as altered microtubule spacing and interaction with microtubule-associated proteins (Black, 1987) . Taxol-promoted microtubule proliferation may exhaust the local pool of tubulin monomers available for use in neurite elongation and presumably causes steric hindrance of axonal transport, which may prevent the delivery of constituents necessary for neurite extension. Indeed, Theiss and Meller (2000) demonstrated that taxol inhibits anterograde axonal transport. Furthermore, we demonstrated that, although some taxol-treated neurites regained growth cones and neurite growth increased after taxol washout, many neurites remained distended, indicating that taxol-induced microtubule stabilization is relatively permanent.
Nocodazole binds to tubulin and causes microtubule depolymerization (Dinter and Berger, 1998) . Exposure of developing cortical cultures to nocodozole inhibited neurite growth and caused substantial morphological reorganization, which differed from the morphological aberrations induced by taxol exposure. Nocodazole-exposed neurites developed growth cones that lacked lamellipodia, as reported previously by Gallo (1998) , and some neurons were bordered by lamellipodial-like fringes, phenomena that were not observed in taxol-treated cultures.
Axons respond to transection by retraction and sprouting
Using an in vitro model of axonal trauma capable of eliciting a substantial axonal sprouting response, we demonstrated that transection of the axonal bundles and networks interconnecting neuronal aggregates induced a characteristic and highly dynamic response. Time-lapse imaging verified that axons retract away from injury sites, toward their aggregate of origin, immediately after transection. Postinjury axonal retraction has been reported previously after lamprey spinal cord transection (McHale et al., 1995) . The retraction response was accompanied by other reactive alterations, including swelling in the distal region of severed axons and the accumulation of neurofilaments into ring-and bulb-like structures, as reported previously (Meller et al., 1993 : King et al., 1997 , 2001 Dickson et al., 2000) .
Extensive neurite sprouting was initiated by 4 -6 hr after injury. Time course immunofluorescence-labeling studies confirmed that, by 4 hr after injury, several fine ␤III-tubulin and tau immunoreactive sprouts emanated into injury sites. By 24 hr after injury, several sprouts had traversed the lesion sites. Several of the postinjury sprouts exhibited small growth cone-like structures at their tips, indicating the sprouting response was possibly a guided mechanism and not simple elongation along random pathways.
Analysis of the morphology, cytoskeletal composition, and dynamic properties of postinjury sprouts indicated some notable similarities with developing neurites. Developing neurites and sprouting axons were motile, slender structures. Additionally, a majority of sprouts were tipped by expanded growth cone-like structures, which exhibited immunoreactivity for ␤III-tubulin, tau, and F-actin, although they were generally smaller than developmental growth cones. Phosphorylated neurofilaments were restricted to sprout shafts and appeared at later time points than observed for the microtubule markers. In a similar manner, it has been suggested that the sequence of cytoskeletal gene expression occurring during neuronal regenerative attempts recapitulates the developmental pattern (Hoffman and Cleveland, 1988; Lee and Cleveland, 1996) . The delay in the appearance of phosphorylated neurofilaments in sprout shafts may indicate they are not required for initial sprout outgrowth. Similarly, neurite outgrowth proceeds in the absence of neurofilaments (Zhu et al., 1997; Levavasseur et al., 1999) . Neurofilaments, however, may play an important role in sprout elongation. In this regard, reduced regenerative ability of the peripheral nervous system has been reported in neurofilament-deficient animals (Jiang et al., 1996; Zhu et al., 1997) . Furthermore, Meller et al. (1993) speculates that neurofilaments may provide the propulsive force underlying sprout growth.
Microtubule stabilization and destabilization inhibits postinjury sprouting
Administration of taxol immediately after axonal transection at 21 DIV resulted in distinct morphological changes similar to those observed in developing taxol-treated neurites. Taxol exposure substantially inhibited postinjury axonal sprouting, causing a significant reduction in both sprout length and number at 4 hr after injury. Interestingly, postinjury sprouting was not completely inhibited by taxol but rather reduced by approximately one-half. This indicates that either the concentration of, or exposure time to, taxol was insufficient to stabilize all microtubules. Conversely, mechanisms other than microtubule dynamics may be responsible for sprout formation and growth. For instance, the actin and microtubule cytoskeletons may act in a synergistic and coordinated manner to dictate the cytoskeletal response underlying sprout growth, as is the case during neurite development (Letourneau et al., 1987) , with disruption of one component affecting the dynamics of the other (Dent and Kalil, 2001) . Unlike the limited sprouting observed in taxol-treated cultures, postinjury nococazole exposure completely abolished axonal sprouting.
Our results indicate some of the notable similarities between developing and sprouting axons and verify that the dynamic properties of microtubules are fundamental to the processes of sprout outgrowth and elongation. The effects of taxol on postinjury axonal sprouting were partially reversible, with increased sprouting observed after taxol washout in addition to the formation of growth-cone like structures at the tips of some sprouts.
Taxol has been demonstrated to reduce ␤-amyloid toxicity in Alzheimer's disease (Michaelis et al., 1998) , as well as to inhibit detrimental alterations in intracellular calcium levels that may result in neuronal death (Burke et al., 1994) , aberrant changes in tau antigenicity (Mattson, 1992) , and excitotoxicity (Furukawa and Mattson, 1995) . At low doses, taxol has also been demonstrated to promote recovery of function after spinal cord injury (Perez-Espejo et al., 1996) . However, Figueroa-Masot et al. (2001) have reported that taxol potently induces apoptosis in cultured cortical neurons in a dose-dependent and exposuretime-dependent manner. Accordingly, although we recorded relatively little cell death after taxol exposure for 24 hr, cell death was substantially increased after 72 hr of taxol treatment. Using an in vivo model of brain trauma, Adlard et al. (2000) demonstrated that taxol inhibits microtubule loss and neurofilamentous accumulation. However, taxol exposure may also delay the resolution of reactive axonal alterations after injury, which may not be helpful for the adaptive response to trauma .
Conclusion
The inability of axons to successfully regenerate after brain trauma has been attributed to several factors within the CNS milieu (Berry et al., 1994; Fawcett, 1997; Bandtlow and Schwab, 2000; Goldberg and Barres, 2000; Qiu et al., 2000) , as well as an intrinsic incapacity for regeneration by the damaged neurons (Fawcett, 1997) . The current study shows that the axons of relatively mature neurons can respond rapidly to injury by adaptive sprouting, and the cytoskeletal dynamics that underlie this attempt at regeneration are similar to the mechanisms underlying initial neurite development. The microtubule disrupting agents taxol and nocadazole effectively inhibited both initial neurite development and the regenerative sprouting response after injury, indicating the importance of cytoskeletal, particularly microtubule dynamics, in neurite growth and the neuronal response to injury. Although taxol and nocodazole have opposing effects on microtubule structure (polymerization and depolymerization, respectively), both agents essentially act to suppress microtubule dynamics, which, as our studies have demonstrated, are crucial to normal neurite growth and postinjury axonal sprouting. Cytoskeletal disrupting agents, such as taxol, could potentially be useful for preventing the maladaptive regenerative sprouting response that may underlie posttrauma epilepsy (Larner, 1995;  
